



















salts   and   expandable   clay  minerals,   but   also   by   high   specific   surface   or   tubular   halloysite. 
Kaolinite/halloysite play an opposite role versus smectite/interstratified I/S in slip casting and tile 
pressing:   the  former allow faster  casting rates,  while   the  latter   improve powder   flowability  and 
mechanical strength. Kaolinite and quartz are beneficial for drying behaviour while high surface 
































































respect   to   the  conventional  use  of  kaolin  and ball  clay   in  slip  cast,  extruded or  solid 
moulded   products,   such   as   tableware,   sanitaryware   and   alumino­silicate   refractories. 
Furthermore,   the   latest   innovation   in   tilemaking   (e.g.   large­size   tiles,  double  pressing, 
pressing  without  mould,   cutting  of   green   tiles)   is   particularly   stressing   properties   like 
plasticity, powder flowability, ability to densify during dry pressing and to toughen green 
tiles (Dondi, 2003). Thus a new class of clay materials – able to couple high plasticity and 








task   to   infer   backwards   the   whole   chain   interconnecting   ceramic   behaviour,   clay 
composition,   mining   processing   and   geological   features.   From   this   viewpoint,   the 
Patagonian kaolins offer an exceptional opportunity for investigating the interdependence 
of these factors, as a wide set of : i) origin of deposits (primary and sedimentary clays), ii) 









































































wet   grinding   (planetary   mill,   20   min),   slip   drying   and   powder   deagglomeration, 
humidification (7­8%wt) and pelletizing, uniaxial pressing of 110⋅ 55⋅ 5 mm3  tiles (40 
MPa),   drying   in   an   oven   (100°C)   and   firing   in   an   electrical   roller   kiln   (maximum 
temperatures 1200 and 1250°C, 51 min cold­to­cold);
− the  sanitaryware  cycle,   involving  clay  dispersion  and  filterpressing,  slip  preparation 







the methylene blue  index (MBI),  Atterberg and Pfefferkorn plastic   indices,  and Linseis 
tensional strength (Table 2):
− Atterberg  consistency   limits,   thus  plastic   limit  WP,   liquid   limit  WL  and  plastic   index 




− tensional strength  and  resistence to shear  (Linseis, 1951; Singer and Singer, 1963) 
with a Netzsch 405 apparatus (C∼ 5%).
The   surface  activity  was   evaluated  by   the  methylene  blue   index  (MBI,  Hang  and 
Brindley, 1970; Avena et al., 2001) measured on both buffered (pH 4.5, ASTM C 837, 




raw  materials   (Worrall,   1975;   Maxwell   and   Dinger,   1992;   Dondi,   2003).   Rheological 




around 5%. The slip density was set as close as possible to  ρ s=1.60 g⋅ cm­3, but  in 8 
cases we had to   lower  the solid  load,   in order  to shift   the viscosity   into  the operative 
window of  our  equipment.  The   time  dependence   (thixotropy)  was  expressed  as  TB  = 
(VB10­VB0)⋅ VB0­1⋅ 100. The resistance to shear was estimated as time of flow of the as­
prepared   slip   (τ 0)   and   after   60  min   (τ 60)  with   an   experimental   error   of   about   1   s. 
Furthermore, the  electrolyte concentration  in the slip was determined by both electrical 




















































− slip density by pycnometry (ρ s, error 0.01 g⋅ cm­3), casting rate as weight of the cast 
cake after 15 min settling (Mc, error 1 g) and  suction time  as the time necessary to 
make the slip surface in the mould dull (ts, error 2 s) for slip casting;
−   green   bulk   density  (ρ g,   geometric   method,   error   0.002   g⋅ cm­3),  post­pressing 
expansion  (Ep=(Lp­Lm)⋅ Lm­1⋅ 100, where Lp  and Lm  are the length of pressed tile and 






− dry modulus of rupture (ASTM C 689, C∼ 5%) of ceramic bodies on both slip cast (σ d) 
and pressed specimens (σ d*).
The Bigot curve was determined (Adamel barelattograph, ambient temperature and RH 
40­60%) on  two plastic  moulded prisms  (40⋅ 10⋅ 10 mm3)  measuring working moisture 
(WB, C<2%), drying shrinkage (SB, error 0.1 cm⋅ m­1) and weight loss with shrinkage and 
without shrinkage (W1  and W2  respectively, C∼ 2%). Two  drying sensitivity indices  were 


















above­mentioned  features,  presenting a  linear positive correlation with specific  surface 
area (Fig. 1a) and a non­linear, direct relationship with the finer particle fraction, implying a 
slower increase of the MBI with the amount of particles <2µm for kaolins and a faster one 




















































The various  plasticity   indices  gave on  the  whole  comparable   results,   though with  a 
clearly  different  data dispersion,   that  highlight   the  increasingly plastic  behaviour of   the 
series:   primary   kaolins   <   beneficiated   kaolins   <   sedimentary   clays.   In   particular,   the 
Atterberg   plastic   index   appears   to   be   strictly   related   to   the  MBI   (Fig.   2a)  while   the 
correspondent   relations   become   less   and   less   statistically   significant   moving   to   the 












kaolins,   due   essentially   to   their   relatively   coarse­grained   particle   distribution,   low 
concentration of electrolytes and lack of expandable clay minerals;














concentration of  electrolytes  in   the slip,  measured as electrical  conductivity,  which are 
mainly  constituted by soluble sulphates (Fig.  4a).  The dependence of viscosity  on  the 












































































corresponds   to   a   higher   modulus   of   rupture.   In   all   events,   sedimentary   clays   and 
beneficiated kaolins behave in a clearly distinct way: the former, being much more plastic, 




The   behaviour   during   the   drying   stage   was   evaluated   by   the   Bigot   curve   (plus 
corresponding   drying   sensitivity   indices)   and   by  measuring   drying   shrinkage   and   dry 
modulus of rupture of slip cast and pressed specimens (Table 5).
All these parameters appear to be intercorrelated: for instance, the Barna index BI in an 
exponential   way   with   the   drying   sensitivity   ISE   (Fig.   6a)   or   linearly   with   the   drying 



































































this   trend  might   be  apparent,   being  simultaneously  affected  by  both  expandable  clay 
minerals and particle size distribution (Blanchart, 1996; Dondi et al., 1998).







Again,   the   MBI   is   able   to   summarise   in   a   single   value   the   effects   of   several 
compositional parameters, so allowing a reasonable prediction of both drying shrinkage 
and dry modulus of rupture, that the drying mechanisms are quite different  in slip cast 
versus  pressed  bodies   (Fig.  8).  A  clear   trend  of   increasing  drying  shrinkage  and  dry 












phase   is   concerned,   both   its   viscosity   and   surface   tension   are   influenced   by   the 
occurrence of “sintering promoters”, which are mainly represented by those components 
summarised in the “fluxing” parameter (Matteucci et al., 2002; de’ Gennaro et al., 2003; 







































































their   very   high   surface  activity.   These   features   bestow  excellent   properties   on   clays, 
especially in terms of plasticity and powder flowability, resulting in the best values of bulk 
density and mechanical strength of greenware. Furthermore, these clays show a notable 















C)   The   sedimentary   clays   of   the  Upper   Member   of   the   Baqueró   Fm  received   a 
considerable pyroclastic supply, fostering the development of a fine­grained microstructure 
and   granulometry   of   the   sedimentary   clays   with   a   prevalently   kaolinite   (± halloysite) 
















well   as   the   best   slip   casting   and   drying   behaviour   (the   lowest   suction   time,   drying 




























































strength  of  greenware   (McLarin  and Perera,  1986).  The  low amount  of   fluxing  oxides 
justifies the high softening temperatures and water absorption values of these kaolins.
The technological properties of the Patagonian kaolins and sedimentary clays are to a 









− beneficiated  kaolins   (classes  E  and  F,  not  present   in  Fig.  10)  have  performances 
equivalent to intermediate to low plasticity ball clays.
A  multivariate  statistical  analysis,   involving   the   extraction   of   principal   components 
(Cooley and Lohnes, 1971), confirms to a large extent the relationships between kaolin 
composition  and   ceramic  behaviour,  as  outlined   in   the  previous   chapter   (Fig.   11).   In 
particular,  Methylene Blue  index exhibits  a strict  correlation with   rheological  properties 
(e.g. Atterberg plastic index, slip viscosity and thixotropy) and processing variables (e.g. 
positive with Barna index, drying shrinkage, green and dry strength; negative with pressing 











The   clay   behaviour   during   body   preparation,   shaping,   drying   and   firing   is  mainly 





















































fluxing   components     (e.g.   iron   oxy­hydroxides,   feldspars,   illite).   A   great   deal   of 
technological parameters seem to be reasonably predictable by taking into consideration 
the surface activity of clay materials and especially the MBI, which appears to be the most 





primary kaolins are mainly  affected by  the different   texture and composition of  parent 
rocks, which control kaolinite­to­halloysite ratio, structural order of kandite minerals, and 
illite or interstratified I/S formation.




close   to   a   smectite­bearing   basement),   are   increasingly   utilised   to   improve   the 
properties of unfired tiles.




paragenesis   well   suited   for   slip   casting   and   especially   to   enhance   rheological 
performances.
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Fig. 9. Firing behaviour of kaolins and clays (slip casting) or porcelains 
stoneware bodies (dry pressing): fluxing oxides vs firing shrinkage (a), bulk 



















Fig.   11.   Principal   components   analysis   of   kaolin   composition   and   ceramic   behaviour 
(factors   1   and   2   explaining   58.3%   total   variance).   Symbols   represent:   chemical 
components;   mineralogy   (Ka=kaolinite+halloysite,   I/S=smectite+interstratified   I/S, 
Qz=quartz,   Fd=feldspars,   HI=Hinckley   index,   SI=Stoch   index);   particle   size   fractions 
(f>63=>63µm, f<2=<2µm, f<.3=<0.3µm); MBI=Methylene Blue index, BET=specific surface 
area; rheological properties (Ip=Atterberg plastic index, PI=Pfefferkorn index, LRS=Linseis 
resistance   to   shear   and   LTS=tensional   stress,   VB0=slip   viscosity,   TB=slip   thixotropy, 
τ 0=time­of­flow,   EC=slip   electrical   conductivity);   shaping   (Ep=pressing   expansion, 
σ g=green strength), drying (BI=Barna index, Sd*=drying shrinkage, σ d*=dry strength) and 





Type:   P=Primary,   S=Sedimentary,   B=Beneficiated.   Formation:   Ba=Baqueró 
(LM=Lower Member, UM=Upper Member), BG=Bajo Grande, CA=Chon Aike, 
Ma=Marifil,   Sa=Salamanca.   Mineralogy:   Ka=Kaolinite,   Ha=Halloysite, 





































CZ S Ba­LM 48 3 41 0.68
PU S Ba­LM 49 12 35 0.67
FP S Ba­LM 37 28 27 0.37
BG P BG 15 59 18 <0.30
CA S Ba­UM 65 tr. 27 0.33
FA S Ba­LM 50 9 38 0.88
TZ S Ba­LM 43 8 46 1.47
TS S Ba­LM 52 9 36 0.88
PR P CA 29 2 68 >63
CH S Sa 49 9 38 1.11
IL P Ma 28 15 54 4.29
RF P Ma 35 tr. 59 63.5
RP P Ma 31 tr. 65 >63
MA P Ma 35 17 46 1.00
SR P Ma 32 5 58 >63
PRL B 28 2 69 2.39
ILL B 63 3 32 0.45
RFL B 70 3 24 0.58
RPL B 68 15 15 1.26
MAL B 57 12 29 0.40























meq/100g meq/100g % wt. % wt. % wt. % wt.
CZ 109.6 12.0 40.7 29.2 55.9 26.7
PU 113.5 12.5 41.3 28.7 57.0 28.3
FP 231.0 32.0 59.1 30.7 93.2 62.5
BG 579.4 67.5 76.7 49.9 248.0 198.1
CA 62.6 7.0 39.4 30.1 49.3 19.2
FA 68.5 9.5 40.3 29.4 56.1 26.7
TZ 66.6 7.5 33.0 23.6 45.3 21.7
TS 84.2 8.5 38.0 28.2 52.3 24.1
PR 4.7 2.0 32.2 29.7 33.3 3.6
CH 80.3 8.5 38.3 30.7 47.7 17.0
IL 43.1 5.0 33.4 26.6 40.6 14.0
RF 25.1 4.5 32.1 28.5 36.5 7.9
RP 11.0 2.5 24.0 21.2 25.3 4.1
MA 36.2 3.5 34.6 28.3 43.0 14.7
SR 41.1 3.0 31.1 27.5 34.0 6.4
PRL 14.9 n.d. 48.2 42.1 50.3 8.2
ILL 68.9 n.d. 43.6 33.4 56.1 22.7
RFL 72.8 n.d. 52.7 43.6 59.8 16.2
RPL 45.4 n.d. 43.3 37.3 47.9 10.6
MAL 56.8 n.d. 39.7 31.7 49.0 17.3















Soluble  salts:  concentration  of  sulphate  ion   (SO4)  and electrical  conductivity 
(EC).
Brookfield viscosimeter
Sample ρ s NC NS VB0=0min VB1=1min VB5=5min VB10=10min TB
g⋅ cm­3   g mL cps cps cps cps %
CZ 1.58 2.0 8.1 565 665 905 1000 77
PU 1.54 1.0 6.5 250 265 285 305 22
FP 1.25 1.0 0.5 635 740 960 1200 88
BG 1.05 2.0    11.0 2410 2485 3250 3400 41
CA 1.60 2.0 4.4 665 1045 1210 1430 115
FA 1.60 2.0 4.8 354 360 380 454 28
TZ 1.62 2.0 4.5 241 241 245 252 5
TS 1.60 2.0 4.7 266 266 268 272 2
PR 1.60 1.0 2.5 43 42 40 40 0
CH 1.55 1.0 4.6 116 134 155 176 52
IL 1.60 1.6 3.7 121 121 123 125 3
RF 1.40 1.6 4.6 1100 1350 1550 1615 47
RP 1.43 1.6 4.7 1350 1390 1400 1430 6
MA 1.60 1.6 4.5 58 57 57 57 0
SR 1.60 1.4 3.4 93 93 97 102 9
PRL 1.55 1.8 1.9 37 37 38 39 5
ILL 1.60 1.6 3.6 148 148 150 152 3
RFL 1.60 1.6 4.7 365 416 450 496 36
RPL 1.60 1.6 2.6 101 106 112 116 14
MAL 1.60 1.6 2.1 115 120 129 135 17






















Mc ts ρ g Ep
g s g⋅ cm­3   cm⋅ m­1   MPa
CZ 23 191 1.989 0.45 1.01
PU 16 241 1.999 0.42 1.17
FP 12 245 2.018 0.40 1.51
BG 29 307 n.d. n.d. n.d.
CA 22 144 1.933 0.44 1.26
FA 26 119 1.870 0.55 0.62
TZ 20 142 1.749 0.60 0.36
TS 18 184 1.858 0.53 0.60
PR 120 40 n.d. n.d. n.d.
CH 40 200 1.963 0.48 0.88
IL 50 147 n.d. n.d. n.d.
RF 154 >300 n.d. n.d. n.d.
RP 154 >300 n.d. n.d. n.d.
MA 33 87 n.d. n.d. n.d.
SR 84 60 n.d. n.d. n.d.
PRL 114 25 1.737 1.00 0.22
ILL 29 84 1.812 0.60 0.51
RFL 29 188 1.822 0.60 0.87
RPL 43 80 1.833 0.69 0.58
MAL 25 84 1.860 0.53 0.63




















Sample WB SB W1 W2 BI ISE Sd
% wt. cm⋅ m­1   % wt. % wt. 1 1 cm⋅ m
CZ 34.7 8.5 56.2 43.8 0.56 1.66 9.0
PU 37.2 8.4 55.4 44.6 0.55 1.74 10.0
FP 51.5 13.7 77.3 22.7 0.77 5.45 n.d.
BG 67.1 16.3 80.5 19.5 0.81 8.80 n.d.
CA 36.7 6.0 40.0 60.0 0.40 0.88 10.5
FA 35.8 7.6 47.7 52.3 0.48 1.30 7.0
TZ 31.0 7.5 49.7 50.3 0.50 1.15 6.5
TS 35.4 7.8 51.3 48.7 0.51 1.41 6.0
PR 28.8 0.6 18.5 81.5 0.19 0.03 1.0
CH 33.6 7.4 50.8 49.2 0.51 1.26 7.5
IL 31.0 5.7 38.5 61.5 0.39 0.68 8.0
RF 30.8 3.7 33.8 66.2 0.34 0.38 6.0
RP 22.4 2.5 29.0 71.0 0.29 0.16 4.0
MA 31.8 5.3 37.9 62.1 0.38 0.63 5.0
SR 28.5 3.0 27.8 72.2 0.28 0.24 3.5
PRL 43.8 1.2 17.4 82.6 0.17 0.09 2.0
ILL 37.7 13.3 43.3 56.7 0.43 2.17 4.5
RFL 47.2 4.9 41.0 59.0 0.41 0.95 5.5
RPL 39.7 4.7 39.0 61.0 0.39 0.73 3.0
MAL 35.8 4.9 39.5 60.5 0.40 0.69 4.0





















Sample Sf E σ f Sf* E* ρ f* Sf* E*
cm⋅ m­1   % wt. MPa cm⋅ m­1   % wt. g⋅ cm­3   cm⋅ m­1   % wt.
CZ 4.0 10.2 4.3 4.1 4.4 2.155 5.4 0.2
PU 5.0 9.5 5.8 4.4 3.7 2.198 5.5 0.2
FP n.d. n.d. n.d. 5.5 0.5 2.326 n.d. n.d.
BG n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CA 9.5 7.5 4.0 5.2 4.6 2.174 6.9 1.0
FA 3.5 12.5 4.3 3.8 7.3 2.030 6.7 0.9
TZ 1.5 13.6 4.2 4.1 8.8 1.952 8.9 0.4
TS 4.0 14.1 3.8 3.8 7.7 2.020 7.3 1.0
PR 2.0 39.5 0.6 n.d. n.d. n.d. n.d. n.d.
CH 5.5 14.0 2.6 4.4 4.5 2.165 6.0 0.2
IL 9.0 9.0 2.0 n.d. n.d. n.d. n.d. n.d.
RF 2.5 29.5 1.5 n.d. n.d. n.d. n.d. n.d.
RP 6.0 15.4 1.0 n.d. n.d. n.d. n.d. n.d.
MA 6.0 13.4 1.8 n.d. n.d. n.d. n.d. n.d.
SR 7.0 23.8 1.1 n.d. n.d. n.d. n.d. n.d.
PRL 3.0 40.4 1.1 4.1 12.2 1.890 9.2 2.2
ILL 5.5 11.2 2.7 4.8 6.3 2.071 8.1 0.2
RFL 6.0 16.8 3.1 6.1 6.1 2.114 9.0 0.3
RPL 8.0 13.1 2.1 6.5 5.3 2.158 9.3 0.1
MAL 7.0 4.2 2.2 5.0 6.1 2.105 8.3 0.2
SRL 5.5 15.4 2.6 5.5 7.0 2.077 8.7 0.5
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611
612
613
614
615
616
617
618
619
54
